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Abstract

Proteins often consist of linked domains which are regions of a protein sequence that can fold
independently of each other. Domain dynamics are known to play an important role in enabling
the formation of large proteins but there has not been much research done into how domains may
affect protein folding and enzymatic activity. To gain insight into domain dynamics we will
study the catalytic domain ScOTU1 of a model multi-domain deubiquitinase from yeast called
OTU1 which catalyzes the breakdown of ubiquitin iso-peptide linkages. ScCOTU1 was
successfully overexpressed in BL21-DE3 cells and purified using a nickel column where it then
underwent a rapid buffer exchange using a gel filtration column. ScOTU1 was studied utilizing

two experiments a Ubiquitin-Rhodamine catalytic cleavage assay and a Bis-ANS hydrophobicity

assay. Through cleavage of Ubiquitin-Rhodamine it was possible to measure the kcat/Km

specificity constant which showed significant activity at pH ranges from eight to seven. The Bis-
ANS experiments showed that the ScOTU1 catalytic domain existed in two conformations that
were shifted in a pH dependent manner. At high pH the ScOTU1 catalytic domain was present in
a primarily open conformation and at low pH the ScOTUL1 catalytic domain was present in a
primarily closed conformation. The Ubiquitin-Rhodamine and Bis-ANS experiments provided
evidence that the current model for catalytic cleavage of the iso-peptide linkages of a
polyubiquitin molecule by ScOTUL1 follows a conformation selection mechanism for enzyme
catalysis which is a two-state mechanism where SCOTUL is in an equilibrium between a closed
and open conformation where at physiological pH the enzyme is primarily in a closed
conformation. Through the binding of its polyubiquitin substrate the equilibrium can shift to

enable catalysis to occur at physiological pH.
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Chapter 1

Introduction

1.1 Protein Dynamics

For a protein to function, conformational dynamics are required that promote the adoption of the
essential folded structures. These structures allow proteins to function in many roles including
structural functions that maintain cell shape and additionally make up structural elements in
connective tissue and a multitude of enzymatic functions®. The conformational motions required
for these changes exist in a conformational energy landscape where there are peaks of high energy
conformations and valleys of more stable low energy conformations?. It is interesting though, that
proteins only sample a proportion of the conformational configurations available to them, a
proportion that is hundreds of orders of magnitude smaller than what the full conformational space
would allow?. A thought experiment coined Levinthal’s Paradox states that a 60 amino acid
protein, if left to sample all possible configurations, could take longer than the current age of the
universe before it arrived at the correct conformation, a scenario that clearly cannot exist as we
know the majority of proteins fold within a micro — millisecond timescale. Levinthal concluded

that there must be some energy bias that reduced the conformational space that a protein samples®*.

The multitude of conformations and the reversible transformation from one to another coined,
protein dynamics, is often lost or disturbed in most structural analyses of proteins via techniques
such as x-ray crystallography or mass spectroscopy and in the case of NMR there is a size
limitation to the proteins that can be studied®®. Techniques involving molecular dynamics
simulations have also been developed to probe the conformational landscape and have proven to
be successful but computational power remains the limiting factor when studying the dynamics of

larger proteins’



Finding novel methods to explore the dynamic states of proteins would not only provide us with
knowledge for future projects such as artificial protein design for pharmaceutical uses but would
allow insight into the evolution of proteins. Dynamics studies could for example explain why the
foldable length limit of a protein is approximately 200 amino acids with current studies indicating
the cause to be a general protein folding force called the hydrophobic effect®. The foldable length
limit is the theoretical maximum amino acid content of a protein which if exceeded results in a
protein that would no longer fold within a biologically relevant time scale. This maximum is based
upon the reduced effectiveness of the hydrophobic effect on protein folding as a protein’s amino
acid sequence increases®. The hydrophobic effect is a force which results in the global tendency
for an amino acid chain to collapse into a compact shape in conjunction with the segregation of

hydrophobic and hydrophilic residues to the interior and exterior of a protein respectively?®.

A 200 amino acid limit is certainly strange as there currently exists proteins that greatly exceed
this limit such as the 2000 residue 5 MDa adhesin found in the Antarctic bacterium Marinomonas
primoryensis®. To circumvent this 200 amino acid limit, proteins such as the adhesin have evolved
to include multiple domains which are short regions within a protein sequence that can fold,
function, and exist independently of the rest of the protein. Protein domains have also been shown
to play vital roles in creating diversity in protein architectures and enabling protein evolution®.
These domains are typically only 100-200 amino acids in length which falls within the region

limited by the hydrophobic effect?.

Different multidomain proteins have evolved through recombination and duplication of a limited
set of stable and well folding domains. Through recombination these multidomain proteins have
achieved new folds, functions and protein architectures?. The effect that individual protein

domains have on one another with respect to folding and stability is not currently well understood



but in recent years studies have shown that there exist interdomain interactions that can stabilize
the tertiary structures of proteins? some of which also aid directly with a protein’s catalytic

mechanism in the case of enzymes®S.

Interdomain interactions have been shown to affect a protein’s activity and stability but with more
research done it could allow for the design of more efficient medicines for various protein-based
diseases and could help in producing new proteins while providing a greater understanding of the
many proteins present in organisms including humans. To gain a deeper understanding of
multidomain proteins and their interactions a yeast multi-domain protein called the Ovarian Tumor

Domain protease “OTU1” from Saccoromyces cerevisiae was investigated in this work.

1.1.2 Protein Binding Models

Enzymes such as OUT1 when free in solution do not typically exist in an active state. They often
require interaction with a specific substrate to adopt an active conformation. Many models such as
the induced fit model, fly-casting model, and conformational selection model have been proposed
as mechanisms by which to describe the interaction between substrate and enzyme14. The induced
fit model suggests that binding events change the conformation of both the enzyme and substrate.
These substrate-induced changes have been shown to bring catalytic residues into alignment, alter
the local environment, and position the substrate for catalysis. The fly-casting model proposes that
once a protein crosses a certain distance threshold a partially folded conformation of the enzyme
can form some weak initial contacts which extends the enzymes binding radius15. The initial
binding events then allow the protein to pull itself into the substrate which results in the completion
of folding and binding as one conformational change where catalysis can then occurl16,17. The
conformational selection model in contrast to the induced fit model suggest that an enzyme

samples many conformations prior to substrate binding. Once the enzyme has found a



conformation that compliments the structure of a substrate they can now bind where the substrate
will further stabilize the selected conformation of the enzyme18. The mechanism by which OUT1

achieves an active conformation will be investigated in this work.

1.20TU1l

The OTU1 enzyme in yeast is a multidomain protein that consists of 3 domains, where a protein
domain is a highly conserved region of a protein sequence that can fold, function, and exist
independently of the remainder of the protein chain'®. The 3 domains of OTUL consist of a
ubiquitin like domain (UBX), a catalytic domain (ScOTUL1), and a zinc binding domain (Zn)*°.
The 9.5 kDa UBX domain has been shown to aid in the formation and stabilization of the
proteasome by forming positive interactions with valosin-containing protein (VCP) which is a
AAA+ ATPase that aids in the recruitment of components to form the ERAD protein degradation
complex?°. The 4.3 kDa zinc binding domain is less well understood as it exists as an intrinsically
disordered region of the protein'® but it has been suggested that its zinc finger motif plays a role
in the binding and recognition of ubiquitin. Zinc-finger motifs are commonly found in DNA
binding and other proteins?!. The 20 kDa catalytic ScOTU1 domain contains the catalytic triad of
cysteine 120, which is within a disordered loop region of ScOTU1, and histidine 222 and aspartic
acid 224 which are both in present in the same beta-sheet secondary structure element. The
catalytic triad of residues function together to cleave the iso-peptide bonds?? of ubiquitin chains in
a mechanism shown in Figure 1. Through x-ray crystallography studies of ScCOTU1, Messick et
al. (2005) have found that there are three major hydrophobic contact regions between the ScOTU1
domain and ubiquitin molecules which may aid in the recognition of ubiquitin and/or in the
stabilization of the catalytic domain to enable catalysis to occur at physiological pH*® as described

in Figure 2.
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Figure 1. Mechanistic description of the cleavage of peptide bonds by the catalytic triad consisting

of cysteine, histidine, and aspartic acid. Not shown is aspartic acid which increases the

nucleophilicity of histidine to enable the extraction of a proton from cysteine?®.



Figure 2. 3.4 A x-ray crystallography structure showing the 3 main contact regions of solely
ScOTU1 (left) to ubiquitin (right). The contact regions are represented by the colours blue green
and red where the red region highlights the catalytic cleft and the area of greatest interaction

between OTU1 and ubiquitin®®.

1.3 Ubiquitin

Ubiquitin is a highly conserved 76 kDa protein which acts as an important signalling molecule, a
key component in many eukaryotic signal transduction pathways, a defining characteristic that has
been pervasive in eukaryotes since the evolution of the last common ancestor?*. It is considered a
foundational protein required for the regulation and homeostasis of the eukaryotic proteome?.
Ubiquitin’s role in signalling pathways begins with ubiquitylation which is the formation of a bond
between the c-terminal glycine amino acid of ubiquitin and the side chain amino group of a lysine
residue of the target protein to form an initial iso-peptide bond?. Once ubiquitylated an E3

ubiquitin ligase can then add additional ubiquitins through the formation of iso-peptide bonds



through the linkage of the ubiquitin c-terminus and one of the seven ubiquitylated lysine side chain

amino group residues present in a ubiquitin molecule?’.

Figure 3 is a diagram illustrating the multitude of biochemical pathways that involve ubiquitin
which can range from DNA repair to proteasomal degradation, two vastly different processes. A
ubiquitinated protein can be monoubiquitinated, multiubiquitinated, branched chain ubiquitinated,
or polyubiquitinated with each altering the fate of the bound protein. Lysine 48 linked
polyubiquitinated proteins are of great interest and will be discussed in more detail because they

are the target of OTU1%,

The proteasomal degradation pathways utilize lysine 48 to control the cell cycle through
degradation of regulatory proteins via the proteasome?®. This degradation motif is also a key
component of the innate immune response of eukaryotes. It plays important regulatory roles in T
cell, B cell, and Tumor Necrosis Factor signalling cascades all three of which are vital with regards
to fighting off foreign viral and bacterial infections®C. These signalling cascades must be tightly
regulated by a sensitive and reversible mechanism which ubiquitylation provides, with the aim of
avoiding excessive activation of the innate immune system which can result in chronic

inflammation and various autoimmune disorders3.
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Figure 3. Hlustration depicting the various methods by which a substrate may be bound by
ubiquitin and how the different modes of ubiquitin binding lead to different substrate fates. Four
major binding modes are exhibited which include monoubiquitination, multiubiquitination,
branched polyubiquitination, and polyubiquitination. The differences in the fates of
polyubiquitinated proteins lies with the type of lysine linkage that occurs as the ubiquitin chain is
extended. Of particular interest is polyubiquitination through K11 or K48 which result in a

proteasomal degradation pathway which OTU1 can alter and modify?’.



1.4 OTU1-Ubiquitin Interaction

OTUL1 interacts preferentially with lysine 48-linked ubiquitin-bound proteins and therefore plays
a role in both immune and proteolytic biochemical pathways?” %, These pathways can be
enhanced or disrupted by the presence or removal of OTU1 due to its ability to deconjugate the
Lys-48 ubiquitin polymer or through the impairment of the endoplasmic reticulum associated-
degradation pathway (ERAD). OTU1 is an important contributor to the ERAD pathway which
is a protein quality control system that aims to destroy potentially toxic or misfolded membrane
and secretory proteins which are synthesized in the endoplasmic reticulum®. OTU1 performs three
important actions to enable the ERAD pathway to function. It forms electrostatic interactions with
recruiter components of the proteasome which aid in the recruitment and stability of the
proteasome?°. As shown in Figure 4, OTU1 also interacts and forms stabilizing interactions with
a cellular ATPase called CDC48 that separates polyubiquitinated targets from membranes or
binding partners such as the removal of misfolded proteins from the endoplasmic reticulum for
degradation in the proteasome?®3. The last important function of OTU1 is that once bound to CDC48
it can release the ubiquitin molecules bound to a protein tagged for destruction through iso-peptide
bond cleavage. The proteins can then fully translocate through the ERAD complex where they can
then be shuttled to the proteasome for recycling without unnecessary destruction of signalling

ubiquitin molecules®:.
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Figure 4. Mechanism of interaction between OTU1 with CDC48. Part 1: Protein (black) bound

to ubiquitin (grey) travelling through CDC48 complex (red, blue, greed, purple). Part 2:
Deubiquitinase- DUB (orange) cleaving ubiquitin linkages to allow for protein translocation

through the CDC48 complex. Part 3: Protein released from CDC48 complex®2,
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1.5 Viral and Bacterial OTU1 domains

Viruses and bacteria often encode deubiquitinases to cleave iso-peptide bonds of Lys-48 to negate
any immune responses on the onset of infection by removal of ubiquitin moieties that signal
foreign proteins for destruction through the proteasome34%, Chlamydia trachomatis and
Chlamydia pneumoniae are bacteria that contain an OTU-like domain. These two bacterial strains
are known to play a role in acute and chronic genital and ocular infections®®, atherosclerosis, adult
onset asthma, and Alzheimer’s disease®’. Many diseases such as cancers, autoimmune disorders,
and inflammatory disorders can progress as the result of mutations in the genes that encode for

OTU1 and other deubiquitinases.

1.6 The Dynamics of the OTU1 active site

Prior work on ScOTU1 by Roy Hutchings investigated the dynamics of the OTU1 active site by
monitoring the binding of aldrithiol-4 a small molecule that binds irreversibly to thiol groups such
as the lone cysteine residue that is present in the catalytic cleft of ScCOTU138, Experiments were
performed at various pH values ranging from nine to seven as shown in Figure 5. The results
suggest that at lower pH values there is less accessibility for Aldrithiol-4 to access the catalytic
cysteine residue but as the pH is increased the probe can access the catalytic cysteine more readily.

The results were analyzed using a kinetic model as shown in Figure 5.

11
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Figure 5. Otul pH dependent mechanism. A, plot of the apparent rate constant of 2 uM

ScOTUL1 binding to aldrithiol-4 (DTDP) at various pH values. As pH is lowered a significant

decrease in rate constant appears®. B, reaction kinetic scheme that shows a proposed

mechanism whereby an equilibrium shift may occur for the free enzyme as exemplified by

equilibrium constant Ke: which represents a closed conformation. As the pH of the solution is

lowered the active site of the free enzyme may shift its equilibrium towards a more closed

conformation decreasing accessibility to the DTDP to the catalytic cysteine residue.
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1.7 Fluorescence Spectroscopy

Fluorescence spectroscopy is a technique that is widely used for a variety of applications ranging
across biotechnology, medical diagnostics, and genetic analysis. It is an inexpensive and highly
sensitive technique that has the capability to provide a measure of the local and global changes in
a protein’s structure as well as dynamics information“°. Figure 6(A) shows a schematic diagram
outlining the configuration of a spectrofluorometer. Excitation typically begins with the use of a
xenon lamp because they are capable of outputting high intensity light at all visible wavelengths
above 250 nm. The excitation light then passes through an excitation monochromator and later an
emission monochromator which both function to select a wavelength. The beam splitter is used to
reflect shorter wavelengths onto the sample while transmitting longer wavelengths into a barrier
filter and reflecting scattered excitation light back in the direction of the xenon lamphouse*!. Figure

6(B) shows the instrument used to complete all fluorescence based experiments.

Xenon lamp Excitation monochromator Beam splitter
| }
Slits
Detector Slits Emission monochromator Sample holder

Figure 6. A, Schematic diagram of a spectrofluorometer.
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Figure 6.B, Photo of Fluorolog-3 Horiba Jobin Yvon Spectrofluorometer.

Fluorescence is a photoemission process where emission occurs when an electron has been
promoted to an excited state by a photon from incident light and through molecular relaxation
through a radiative pathway emits a photon while returning to the ground state*?. Figure 7, a
generic Jablonski diagram, shows the various electronic states of a fluorophore and transitions
between them during absorption and emission of a photon. So represents the singlet ground state
energy level of a fluorophore while S1 and Sz represent the first and second singlet excited states
respectively. Each of these excited states contain many closely spaced vibrational energy levels
where the spacing is about 1500 cm™*" as shown by the vibrational energy levels 0, 1, and 2 of the
ground state So. An electron can be promoted from the ground state to an excited state after it has
been excited by a photon from incident light as indicated by the blue and purple arrows which
show the promotion of electrons to the second and first excited states respectively. An electron,
once it has been excited, is promoted to one of the many vibrational energy levels of the excited

states where it will then rapidly return to the lowest vibrational energy level of the first excited

14



state*. The return of the electron to the lowest vibrational energy level occurs through the rapid
vibrational movement of the molecule which releases the excess energy of the electron in the form
of heat*® through a non-radiative pathway known as internal conversion as indicated by the black
dashed lines. These Internal conversion processes typically occur on an extremely rapid time scale

of 10 to 1071% seconds™.

Once an electron has returned to the lowest vibrational energy level of the first excited state it can
return to the ground state through luminescence which is a radiative pathway that produces light
as the electron decays back to the ground state. Luminescent pathways are typically favoured for
the return of an electron to the ground state because of the large energy gaps between the excited
and ground states of a molecule. The energy gaps between Soand S; are on the order of magnitude
of 10000 cm™*#2which is much larger than the vibrational energy level gaps which are only 1500
cm™. When the electron returns to So from S via a non-radiative pathway the relaxation rates are
107 seconds - 107 seconds for a rigid molecule whereas radiative or luminescent pathways have

relaxation rates ranging from 107 - 10°° seconds***®.

Luminescence is broken down into two major mechanisms, fluorescence and phosphorescence.
Phosphorescent decay occurs when an electron in the Si; ground state undergoes Intersystem
Crossing indicated by the solid black arrow. Intersystem Crossing is the mechanism by which an
electron undergoes a spin conversion from the first singlet state S; to the first triplet state T1. The
return of an electron to the singlet ground state Sp from a triplet state shown as the red downward
arrows is forbidden which results in a very slow decay that is several orders of magnitude larger

than the decay through fluorescence®.

15
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Figure 7. Generic Jablonski Diagram#°

Fluorescence occurs when there is a transition of an electron from a singlet excited state back to a
singlet ground state as shown by the green downward arrows*°. According to the Pauli exclusion
principle electrons in the same orbital cannot share the same quantum numbers. Thus, as shown in
figure 8A, two electrons in the same orbital must have opposite spin quantum numbers represented
by the up and down orientations of the arrows*®. This is the case for electrons in the singlet state
where all the electrons are paired with opposite spins. If the spin of the electron remains in a singlet
state during the transition from the ground state to the excited state as seen in figure 8B the
transition back to the ground state is spin allowed and can happen very quickly by the emission of
a photon in the form of fluorescence light*® which is why fluorescent transitions are typically

favoured for the larger energy gaps found between the excited and ground states.
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Singlet Ground Singlet Excited
State State

Figure 8. Paired electron spins in the ground state (A) and electrons spins in the excited state

(B)43

When an electron returns to the ground state and produces fluorescence an important parameter
the fluorescence quantum yield can be measured. The quantum yield is the ratio of photons emitted
vs photon absorbed*’. A molecule with a high quantum vyield will be more efficient when
converting a higher proportion of the exciting light to emitted light. The efficiency of the
conversion and consequently the quantum vyield is affected by the amount of fluorescent light
produced as the electron returns to the ground state but additionally by how much energy is

released in a non radiative pathway where this relationship is shown in Figure 9.

17



\ Relaxation (10™%s)

S1

AV hVF2 i K nr

So

Figure 9. Jablonski diagram that focuses on the decay of an electron from the lowest vibration
energy levels of the first singlet excited state to the singlet ground state. I represents fluorescent

decay while knr represents non-radiative decay*.

The excited electron can return to the ground state through a combination of I which represents
the emissive rate of the fluorophore and ki which is the rate of non radiative decay where this
relationship can be better understood by equation 1*°. The quantum yield Q can reach values close
to 1 if there is almost no non-radiative decay and be near O if there is almost no fluorescence where

most of the decay originates from a non-radiative method“®.

r
T+ky,

Equation 1. Q =

Beyond non-radiative decay the quantum vyield can be decreased through fluorescence
quenching®. Fluorescence quenching can occur through a variety of mechanisms such as

collisional quenching where the excited state of a molecule is deactivated when it interacts with
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another molecule or through static quenching complexes where a fluorophore forms a bond with

a molecule that disrupts the grounds state excitation of the fluorophore®.

1.8 Molecular Probes

Small molecule fluorescent probes are useful tools designed to study cell biology, drugs, detect
environmental contaminants, and further the detection of cancer. These probes are molecules that
can change their fluorescence quantum yield in response to binding to other molecules, chemical
reactions, or changes in their environment. They can be designed to control many intrinsic
characteristics including emission wavelengths, binding affinities, and even subcellular
localization*. To study ScOTU1 dynamics two fluorescent probes will be utilized, Ubiquitin-

Rhodamine and Bis-ANS.

1.8.1 Ubiquitin Rhodamine

In our enzyme activity assays a substrate known as ubiquitin rhodamine 110 was used.
Rhodamines are a type of fluorescent probe that have a fluorescent quantum yield near unity*.
Additionally rhodamine fluorophores are not sensitive to solvent polarity and they have extremely
high molar extinction coefficients. These factors make rhodamine fluorophores very sensitive to
detection. Ubiquitin-Rhodamine 110 is composed of a ubiquitin molecule covalently linked to a
rhodamine fluorophore through a linker RLGG amino acid sequence that mimics the naturally
occurring iso-peptide bond to an e-amino group of a lysine residue of a ubiquitinated protein that
OTUL1 recognizes and cleaves in an endogenous ubiquitin polymer®®5%, When bound to ubiquitin
the fluorescence of rhodamine is completely quenched but when the linker region has been cleaved
the free rhodamine can fluoresce in solution as shown in Figure 10 which makes it an ideal

fluorescent probe to monitor the enzymatic activity of SCOUT1.
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Figure 10. Mechanistic description of the cleavage of the linker region between rhodamine

(orange) and ubiquitin (blue) by deubiqutinases which results in an increase in fluorescence®?.

1.8.2 Bis-ANS

Bis-ANS is a hydrophobic surface probe which is defined as a molecule with extrinsic fluorescence
that can bind reversibly or irreversibly to hydrophobic regions on a protein’s surface?.
Hydrophobic probes have been used for many facets of protein characterization such as protein-
surfactant interactions, aggregation and fibrillation properties, and most importantly with regards
to OTUL, to monitor conformational changes by assessing changes in surface hydrophobicity*2.
Other examples of hydrophobic probes include ANS, cis-parinaric acid, and 2-p-
toluidinylnaphthalene-6- sulfonate (TNS). Most hydrophobic probes share the following
properties: when the hydrophobic probe is free in an aqueous solution its fluorescence quantum
yield is very low; once the probe is in a nonpolar viscous environment, its fluorescence quantum

yield increases significantly>®
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The chemical structure of bis-ANS is given in Figure 11. This molecule has the following two
functional groups: the fluorescent naphthyl and the electron donating aniline. Once the naphthyl
group is photoexcited, the aniline group can twist into the correct geometry, donate an electron to
the excited naphthalene moiety and form a twisted internal charge transfer (TICT) state*® which
alters the electronic energy levels as shown in Figure 12. The formation of a TICT state is a non-
radiative process and decreases the fluorescence quantum yield of bis-ANS“®, The rate of TICT
state formation is dependent on two environmental parameters*®: a) solvent polarity; TICT state
formation increases with solvent polarity; b) solvent viscosity; increasing viscosity prevents the
twisting of the aniline group and impedes TICT state formation.

055 HN~ :

K+

Figure 11. Structure of Bis-ANS which shows the closely spaced amino and aromatic group.>*
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Figure 12. Jablonski Diagram exhibiting the effects of Solvent Relaxation and Twisted
Intramolecular Charge Transfer Interactions on electronic energy levels*®. The electron is excited
by a photon represented by the dashed and dotted arrow. The excited electron returns to the first
vibrational energy level of S; through non-radiative pathways (Dashed lines). Once there, the

electron will fluoresce returning to the ground state So (Solid lines).

When a protein is present in solution the hydrophobic regions on bis-ANS such as the aromatic
rings can now associate with the hydrophobic patches on the surface of the protein (i.e., binds non-
covalently to a hydrophobic surface through a combination of electrostatic interactions, the
hydrophobic effect, and Van der Waals forces. The association lowers the local polarity
experienced by the probe and inhibits bis-ANS twisting required to produce the TICT state®.
These two-protein binding-induced changes in the probe microenvironment®®, greatly increase the
quantum yield of bis-ANS causing a large increase in fluorescence. This relationship between
solvent polarity and viscosity and fluorescence quantum yield are shown in Figure 13, where the

fluorescence of bis-ANS is shown in solvents of varying polarity and viscosity.
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Figure 13. 1 M Bis-ANS in solutions of varying polarity and viscosity. 48

Bis-ANS in a solvent consisting of water as indicated by the lowest dashed line has almost no
fluorescence. This quenching of fluorescence occurs because water is a polar solution with a
dielectric constant of 80.4°" meaning that it produces a significant amount of solvent relaxation.
Bis-ANS in a solution of methanol which has a dielectric constant of 33°7 fluoresces more due to
a decrease in solvent polarity and the trend continues with ethanol which has a dielectric constant
of 25.3% and a continued increase in fluorescence quantum yield. Dimethyl sulfoxide (DMSO)
though, has a dielectric constant of 47.24% which is higher than either methanol or ethanol but
despite the increased solvent polarity DMSO but has the largest quantum yield. The reason Bis-
ANS has the greatest fluorescence quantum yield in a solvent of DMSO is based on relative solvent
viscosity and not polarity. DMSO has a solvent viscosity of 1.987° which is significantly larger

than that of ethanol, methanol and water with values of 1.04, 0.54, and 0.89 respectively®°.
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Viscosity plays a role in fluorescence quantum yield because in a more viscous environment non
radiative pathways which rely significantly on vibrational movements are dampened which

favours a radiative decay of the electron and subsequent fluorescence.

1.9 pH Dependent Conformational Changes

To assess if there are pH-dependent conformational changes occurring within SCOTUL a Bis-ANS
based experiment was used as it has been shown to be an ideal probe with which to measure pH-
dependent conformational changes of a variety of proteins®. The cleft that contains the catalytic
triad of the ScOTU1 domain is a hydrophobic region and so bis-ANS can be used to assess the

accessibility of the cleft as the pH is varied®?.

1.10 Goals of the Research

The goals of this research are to study the conformational dynamics that occur in the ScCOTU1
catalytic domain of the enzyme OTU1 from yeast Saccoromyces cerevisiae. The pH dependence
of bis-ANS fluorescence will be studied in addition to experiments directly measuring the pH
dependence of catalysis using Ubiquitin Rhodamine. These experiments will allow insight into the
catalytic mechanism of ScOTUL by revealing if catalysis occurs through a one state mechanism
where the ubiquitin molecule binds and then catalysis occurs or through a two-state mechanism
where a conformational change must first occur within the free enzyme and subsequently the

ubiquitin binds.
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Chapter 2

Materials and Methods

2.1 Materials

Lysogeny Broth (LB) powder and RNase A solution were purchased from BioBasic.
Tris(hydroxymethyl)aminomethane hydrochloride (TRIS-HCI), sodium chloride, and sodium
phosphate dibasic were purchased from Fisher Chemical. Dithiothreitol (DTT), isopropyl-B-D-
thiogalactopyranoside (IPTG), and tris(2-carboxythyl)phosphine (TCEP) were purchased from
GoldBio. DNase, lysozyme, and 4,4’-Dianilino-1,1’-Binapthyl-5,5’Disulfonic Acid (Bis-ANS)
were purchased from Sigma-Aldrich. Kanamycin was purchased from Fisher Bioreagents.
Magnesium sulfate was purchased from Mallinckrodt. Imidazole and glycerol were purchased
from Fisher Scientific. Ni-NTA Agarose was purchased from Qiagen and ubiquitin-rhodamine

was purchased from Boston Biochem.

2.2 Methods
2.2.1 Preparation of ScOTU1

a) Glycerol Stock Preparation

A plasmid for the 6xHis tag ScCOTUL protein was provided by the laboratory of Professor Brian
Mark (Department of Microbiology at the University of Manitoba). The plasmid was transformed
into E. coli BL21-Gold DE3 cells (GoldBio) by chemical transformation. The cells were plated on
agar plates and the colonies were selected by the degree of their growth after overnight incubation
at 37 °C. One colony was used to inoculate a 25 ml starting culture in a 125 ml baffled Erlenmeyer
flask. The solution was comprised of 30 pg/ml of kanamycin, 2 uM of MgSOs, and 25 mg/L of

LB media (Growth Mix!) at pH 7. The starting culture was shaken overnight at 37 °C and 300
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RPM. This starting culture was mixed with glycerol to make a 20% glycerol solution used as the

progenitor of future SCOTUL preparations.

b) ScOTU1 Overexpression

A glycerol stock containing E. coli ScOTU1 BL21 cells was used to inoculate a 25 ml LB broth
starting culture in a 125 ml baffled Erlenmeyer flask. The Growth Mix! starting culture was shaken
overnight at 37 °C and 300 RPM. 2 ml of the starting culture was used to inoculate a 2 L baffled
Erlenmeyer flask containing 400 ml of Growth Mix!. The overexpression culture was grown for
3.5 hours at 37 °C and 190 RPM until it reached an ODegoonm between 0.6-0.8 when it was induced
with 1 uM IPTG and allowed to shake overnight. The overexpression culture was centrifuged at 4

°Cinal L bottle for 20 minutes at 6000 RPM and frozen in a -80 °C freezer.

¢) ScOTUL Purification

The frozen cell pellet was resuspended in a pH 8 lysis buffer consisting of 50 mM TRIS-HCI, 300
mM NaCl, and 2 mM TCEP. Cells were lysed using a freeze-thaw method that renders E. coli cells
susceptible to lysosomal degradation by physically fracturing the cell walls through repeated
freeze-thaw cycles. This method of cell lysis typically results in a greater and more consistent
protein yield than conventional methods like French press or sonication®’. 5 ml of a 5 mg/ml
solution of lysozyme was prepared in lysis buffer and was added to the resuspended pellet. The
suspended cells were then equilibrated at 4 °C in a cold room for 30 minutes. After 30 minutes the
cell resuspension was gently stirred on a stir plate in a cold room for 10 minutes after which a
small amount of DNase and RNase were added to the mixture and gently stirred again for 10
minutes. The cell resuspension solution was then refrozen in a -80 °C freezer for 45 minutes. With

the first cycle complete the entire procedure was repeated twice more for a total of 3 freeze-thaw
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cycles. Once all the freeze-thaw cycles were completed the cells were centrifuged for 1 hour at

14500 RPM for 45 minutes at 4 °C.

The crude lysate was applied to a Ni-NTA agarose gravity chromatography column to separate the
His-tagged ScOTUL protein from DNA, RNA, and other macromolecule contaminants. The
column was washed with ten column volumes of imidazole at increasing concentrations of 12.5
mM, 25 mM, and 250 mM respectively. The 250 mM imidazole solution eluted the protein from
the column and 2 mL of this protein solution was collected and was injected onto a Superdex 75
10/300 GL size-exclusion column that had a length of 30 cm and inner diameter of 10 mm (GE
Healthcare) to separate any aggregates or contaminants from the ScOTUL protein. The purified
protein was flash frozen in small volumes using liquid nitrogen and then stored in a -80 °C freezer

for later use.

2.2.2 Bis-ANS Hydrophobic Surface Study

Bis-ANS experiments were modified from a literature procedureb’. The preparation of stock Bis-
ANS was done by dissolving Bis-ANS in buffers with pH values ranging from 6 to 9 consisting of
50 mM sodium phosphate dibasic and 50 mM sodium chloride (Bis-buffer). The target
concentration of the stock Bis-ANS solutions was 200 uM which was obtained by measuring the
absorbance of the solutions in a Helios Zeta UV-VIS spectrophotometer (Thermo Scientific) at
385 nm and using a 16,790 M-cm extinction coefficient. The working Bis-ANS concentrations

ranged from 2.5-80 uM for a total of nine experiments done in triplicate at each pH value.

Frozen protein was thawed to room temperature and protein absorbances were measured at 280
nm using a Nanodrop 2000s spectrophotometer (Thermo Scientific) and a 160 mM stock solution
of DTT was prepared in Bis-buffer?. The final working concentrations of SCOTU1 and DTT in the

semi micro cuvettes were 0.5 pM and 2 mM respectively. Twenty-seven microfuge tubes
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containing the appropriate amount of Bis-ANS, ScOTUL, and DTT were all prepared and were
thoroughly mixed (Pressure Mixer) and left in a 4°C refrigerator for 1 hour to allow for complete

binding.

The microfuge tubes equilibrated to room temperature for 10 minutes after the hour incubation
time elapsed. A Jobin-Yvon Fluorolog fluorescence spectrometer (Horiba) was used to record the
spectrum of the solutions using an excitation wavelength of 350 nm and an emission wavelength
range of 450-530 nm. The emission and excitation slit widths were set to 2 nm and all the
experiments were done in a 10 mm by 3.5 mm quartz cuvette (Starna Cells) with a 0.4 mm
pathlength. The fluorescence of free Bis-ANS and DTT was subtracted for the measured data
points in addition to a correction that was made for the fluorescence of the solutions caused by

inner filter effects.

When Bis-ANS binds to hydrophobic patches on proteins there is an increase in the fluorescence
quantum yield. Augmentation of fluorescence as Bis-ANS concentration is increased follows a
sigmoidal distribution which typically indicates some cooperativity in the binding event 3. To
assess the extent of the apparent cooperativity and the percentage of Bis-ANS bound over the pH

ranges studied a Hill equation was chosen to fit the sigmoidal data.

The Hill equation is represented in equation 1. The n variable is the Hill coefficient. The Hill
coefficient quantifies the degree of cooperativity of a sigmoidal curve; if the n value is less than
one the system does not exhibit cooperativity but if there is cooperativity the coefficient is greater

than one%. Ky is the apparent dissociation constant and X is the ligand concentration.

[x]"
Ka+[X]"

Eq2. y=
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Using equation 2 it is possible to determine if the binding is cooperative and additionally the Hill
equation can be used to determine if there is a change in the percentage of Bis-ANS bound to the
protein depending on the pH of the solution. To determine the percentage of Bis-ANS bound to
the protein a slightly modified version of the Hill equation is used which includes the parameters

Yo and a as shown in equation 3.

The a variable represents the maximum response for a particular amount of Bis-ANS added and
Yo is the minimum response®. To determine the maximum amount of fluorescence possible (y) the
ligand concentration [X] is set to infinity and the modified Hill equation is then equation 4 where

(Ymax) is the maximum fluorescence after adding an infinite amount of Bis-ANS.

Eq4. Ymax =Yoo+ a

Fitting the sigmoidal curves to equation 4 as seen in Figure 14 it is possible to find both the
maximum fluorescence value ymax and the minimal value yo and with those two parameters the
percentage bound is calculated using equation 5, where Yexp is the measured fluorescence for each

experiment.
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Figure 14. Binding curve of Bis-ANS at pH 9 with 0.5 pM ScOTU1 and 2 mM DTT in Bis-Buffer?

where counts represent the uncalibrated measurement of photons incident on the detector.

Yexp — Yo

Ymax — Yo

Eq 5. Percentage Bound =

Using the calculated percentage bound values, it is possible to create a percentage bound vs
concentration plot that can be fit by the three parameter Hill equation, equation 2 where it is
possible to determine the dissociation constant Kq which is a direct measure of the binding

efficiency.
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2.2.3 Ubiquitin Rhodamine Deubiquitinase Study

Ubiquitin Rhodamine experiments were modified from the literature®. Deubiquitinase
experiments were performed in a total volume of 850 pl in a 1 ml semi-micro cuvette in a buffer
consisting of 50 mM TRIS-HCI, 50 mM NaCl, and 2 mM DTT (ContBuffer®) with pH values
ranging from 6 - 7.5. ScOTU1 and Ubiqutin-Rhodamine working concentrations were 50 nM and
250 nM. The mixture was incubated at 4°C for 1 hour and allowed to equilibrate to room
temperature for 10 minutes before experiments began. A Jobin-Yvon Fluorolog fluorescence
spectrometer (Horiba) was used to record the spectra of the solutions over the course of 1 hour
using an excitation wavelength of 485 nm and an emission wavelength of 535 nm. The emission
and excitation slit widths were set to 2 nm respectively and all the experiments were done in a 10
mm by 3.5 mm quartz cuvette (Starna Cells) with a 1 cm pathlength. The fluorescence of free
Ubiquitin-Rhodamine and DTT was subtracted for the measured data points and corrected for inner

filter effects.

The cleavage of Ubiquitin-Rhodamine by ScOTU1 follows Michaelis-Menten kinetics® and due
to that it is possible to modify the basic Michaelis-Menten reaction scheme as shown in equation
6. [P] is the concentration of free rhodamine as the reaction progresses, [eo] is the initial enzyme
concentration, [S] is the substrate concentration, Km is the Michaelis constant and it is the
concentration of substrate required to reach half of the maximum conversion rate, and Kcat is the

turnover number and it represents the number of substrate molecules converted per time.

If it is assumed that Kn is much greater than the concentration of the substrate at any moment
equation 6 can be simplified to equation 7. The assumption is reasonable because of the low

working concentration of substrate and its steady decrease as the experiment proceeds.
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Equation 7 represent the rate of appearance of free rhodamine from Ubiquitin-Rhodamine after
cleavage by ScOTUL. keat/Km is the specificity constant and it is a quantity that provides a measure
of the efficiency of an enzyme for a substrate under different conditions which in this experiment
is alteration of pH. The apparent kcat/Km takes into consideration the changes in the hydrogen ion

concentration which is a direct measure of the pH of the solution.

To fit this equation to the experimental data equation 7 is integrated with respect to time which

results in equation 8.

kcat

Eq8. P =Sy(1— o5

)app[eo]t)

Equation 8 then undergoes a Taylor series expansion which provides an approximation for the
value of a function at a particular time®. This approximation simplifies the fitting of the data to a

simple polynomial equation as shown in equation 9.

Eq9. F = at + bt?

242
Where at = — (’:—::) [eo]t & bt?= _{(';c_::) % [eo]2 t
app app

Simplifying equation 9 by dividing bt? by at results in Eq. 10
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Calculating (Kcat/Km)app is a straightforward process for solving for one unknown as the initial

enzyme concentration is always known.

Chapter 3

Results

To study the pH-dependent properties of ScCOTU1 a Ubiquitin-Rhodamine substrate was used in
addition to Bis-ANS a hydrophobic surface probe. Ubiquitin-Rhodamine experiments were
applied to determine if electrostatic interactions between ubiquitin and ScOTU1 might stabilize
the active conformation of the enzyme thereby providing access to the catalytic triad within the
active site at a wide range of pH values. Bis-ANS experiments were used to assess if there were
conformational changes that occurred within SCOTU1 as the pH was altered by measuring the
amount of Bis-ANS fluorescence at different pH values and subsequently determining the binding

constant Kg.

3.1.1 Protein Precipitation

During the dialysis portion of the protein purification there was recurrent aggregation of ScOTU1
which greatly decreased the yield of protein. The purpose of dialysing ScCOTUL once it had eluted
from the nickel column was to perform a buffer exchange to reduce the high salt and TRIS-HCI
concentration of the lysis buffer to match the lower concentrations of salt and TRIS-HCI in the
buffers used to perform experiments. Additionally, dialysis was used remove small molecules such
as imidazole which was used to elute the protein from the nickel column. Precipitation can occur
during the course of dialysis if the protein is unstable at the dialysis temperature or unstable at the
lower salt concentrations especially if the salt concentration is dropped rapidly®’. Additionally, the

protein might precipitate if nickel ions from the column resin leach into the buffer causing the
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coordination of the histidine tag on multiple proteins to form complexes that cause the protein to

precipitate out of solution®.

The initial dialysis procedure from Roy Hutchings®® consisted of dialyzing the protein overnight
at4 °Cin1L of 25 mM TRIS-HCI, 150 mM NaCl, 2 mM DTT at pH 8.0 using a 2 kDa pore size

dialysis membrane (Spectrum Labs).

The first strategy employed to reduce protein precipitation was to perform the entirety of the
protein purification through a nickel column in a 4 °C cold room. The protein may not have been
stable at room temperature and therefore may have been denaturing during a 2-hour period at room
temperature as it was passed through the nickel column and washed with buffers during the
purification phase. After multiple trials using this new strategy there remained a significant amount

of protein precipitation after dialysis was complete.

The next strategies employed focused on directly modifying the dialysis procedure to address the
possible issues previously listed. The first issue addressed was that of the rapid salt decrease. The
protein was initially in a lysis buffer consisting of 50 mM TRIS-HCI, 300 mM NacCl, and 2 mM
DTT at pH 8.0 and so a sudden decrease to the dialysis solution concentrations could result in an
unstable protein. The affect that salt concentration can have on protein stability during dialysis is
not completely understood and is greatly dependent on the ionic interactions within a protein and
often it is through trial and error that the correct ionic strength can be determined for the protein.
When the salt concentration is lowered, electrostatic shielding weakens ionic attractions or
repulsions and at higher salt concentrations electrostatic shielding is saturated which alters a
protein’s hydrophobic interactions®’. To minimize the steep drop in salt concentration the dialysis
was initially done in a two-step fashion by slowly lowering the salt concentration from the lysis

buffer composition to that of the final dialysis buffer over the course of 6 hours. The first dialysis
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buffer solution consisted of 30 mM TRIS-HCI, 250 mM NacCl, at pH 8.0, the second dialysis buffer
was 25 mM TRIS-HCI, 200 mM NacCl, at pH 8.0, and the final solution was 25 mM Tris-HCI, 150

mM NacCl at pH 8.0 as indicated in table 1.

Table 1. Dialysis buffer composition at different time intervals

Dialysis Buffer Composition Time Dialyzed in Buffer (hours)

30 mM TRIS-HCI, 250 mM NaCl, at pH 8.0 | 2 hours

25 mM TRIS-HCI, 200 mM NaCl, at pH 8.0 | 2 hours

25 mM TRIS-HCI, 150 mM NaCl at pH 8.0 Overnight

At the end of the overnight dialysis in the final buffer precipitation still occurred in the solution.
To try to remedy this problem the final overnight dialysis was shortened to last only 6 hours but

even at the end of that time interval there was observed precipitation of the protein.

Ethylenediaminetetraacetic acid (EDTA), a chelating agent, forms a stable complex with nickel
ions found in the dialysis solution® and so the goal of this portion of the research was to see if
adding EDTA to solution could reduce the concentration of free nickel ions in the dialysis buffer
which might reduce the precipitation of SCOTU1 possibly due to nickel ions in solution. The first
two solutions in Table 1 were modified as shown in Table 2 to include 5 mM EDTA. Once again
after the overnight trial precipitation was found in the dialysis tubing and again the final overnight

dialysis was shortened to 6 hours but even then, precipitation still occurred.
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Table 2. Dialysis buffer composition including EDTA at different time intervals

Dialysis Buffer Composition Time Dialyzed in Buffer (hours)

30 mM TRIS-HCI, 250 mM NaCl, 5 mM EDTA at | 2 hours

pH 8.0

25 mM TRIS-HCI, 200 mM NaCl, 5 mM EDTA at | 2 hours

pH 8.0

25 mM TRIS-HCI, 150 mM NaCl at pH 8.0 Overnight

The last test experiment that was carried out consisted of altering the pH of the buffer to see if
increasing or decreasing the pH would allow it to be more stable in solution. The isoelectric point
of ScOTUL was calculated to be 4.82 after | inserted the protein sequence into Bioinformatics
Resource Portal EXPASY. When the pH of a solution matches the isoelectric point of a protein it
means that the protein is typically minimally soluble”. The pH of the dialysis in each experiment
was 8 but there may have been deprotonation at pH 8 that might alter the protein structure, so the
buffer was adjusted to pH 7.5 and the experiments in Tables 1 and 2 were repeated. Despite all the
changes, precipitation continued to occur during dialysis and resulted in a large decrease of protein

yields.

After attempting to solve the precipitation due to dialysis for an extended period, the dialysis step
of the purification was eventually removed and instead the protein was directly injected onto a
Superdex 75 size exclusion column. With the dialysis step replaced by a rapid buffer exchange
using the Superdex 75 column no precipitation was observed, and contaminants were removed as
shown by Figure 15, the elution profile of the protein using the column. This rapid exchange most
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likely worked because the protein was kept in solution for 1.5 hours during the buffer exchange
rather than the 14 hour incubation times that were used with dialysis. The protein may not have
been stable enough to remain in solution for an extended period and shortening the exchange time

kept the protein from degrading or unfolding.
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Figure 15. ScOTU1 elution profile using a Superdex 75 size-exclusion column where peak (A)
represents the eluted protein. Elution buffer consisted of 25 mM TRIS-HCI, 150 mM NaCl, and

pH 8.0 buffer with fraction volumes of 1 mL

3.1.2 Protein Yield
The protein yield of ScOTUL using LB broth when dialysis was still used during protein

purification was on average 6 mg/L. After the purification was optimized by the replacement of
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protein dialysis with a rapid buffer exchange the protein yield increased to an average of 13.4
mg/L. Alternative E. coli growth media have been shown to be more efficient than LB broth when
growing cells and one such growth media is auto-inducing media. Auto-inducing media have been
shown to increase cell culture density and the concentration of protein per volume of culture when
compared to traditional media like LB broth’t. The decrease in cell density and protein yield is
driven by the fact that in IPTG-inducible systems unintended induction can occur as the cells reach
saturation due to the presence of lactose in the media from enzymatic digests of casein which are
commonly found in media such as LB broth which results in a decrease in cell density and
consequently protein yield. Lactose in the system can be taken up by the cells and converted to the
inducer allolactose which can bind to the lac repressor and consequently allow expression of the

protein’2,

Auto-inducing media circumvent this issue by incorporating compounds that inhibit lactose
induction but are depleted as cell growth continues such as amino acids and molecules like glucose
in addition to specific growth conditions which specify high aeration and low temperatures. The
conditions taken together result in cells achieving a higher culture density and subsequently higher
protein yields. Using the fact that these amino acids and glucose are depleted as the cells grow
Studier et al. (2005) were able to design media that enabled cell growth to much higher densities
due to the gradual decrease of the inhibitory molecules which would then allow lactose to be taken
up and metabolized which resulted in the start of induction and protein expression. A low
phosphate isotope-labelling autoinducing minimal medium from the literature named LS- 5052
with a composition as shown in Table 372 utilized glucose as an inhibitor of induction by blocking
the uptake and breakdown of lactose’®. The LS-5052 medium was used to grow ScOTU1 cells to

observe if protein yields would increase resulting in a more efficient protein growth system but
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the yields using auto-inducing media and rich media were similar as shown in Table 4. It should
be noted that there can be a large decrease in protein yield when using minimal media and despite

that the yields of the rich and minimal media are very similar.

Table 3. Composition of auto-inducing media LS-5052 used to grow ScOTUL culture

12.5 mM KH2PO4

2 mM MgSO4

2.8 mM Glucose
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Table 4. Protein yield of ScOTU1 using rich and autoinducing media lysosomal broth and auto-

inducing media respectively.

LS-5052 media- Auto-inducing media 12 mg/L

3.1.3 Protein Purity

The purity of the eluted protein was assessed using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). As shown in Figure 16, two bands appeared on the gel at
approximately 20 kDa and 40 kDa. The 20 kDa band is the appropriate molecular weight for
ScOTUL1L protein but the 40 kDa band most likely represented a disulphide-linked dimer of

ScOTUL1 that was not completely reduced through the addition of DTT
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Figure 16. SDS-PAGE image of purified SCOTU1L. Lane 1 represents the protein molecular
weight standards (PageRuler Plus Prestained Protein Ladder, ThermoFisher Scientific) and lane

2 represents the eluted protein sample from the size exclusion column containing 2 mM DTT.

3.2 Ubiquitin-Rhodamine Deubiquitinase Experiments

Figure 17 is a reaction progress curve that shows a steady increase in fluorescence as time proceeds
for the cleavage of Ubiquitin-Rhodamine by ScOTUL. This figure shows that ScOTUL can
recognize and cleave the RLGG amino acid sequence in the linker region between the ubiquitin
and rhodamine portions of the substrate and confirms that the protein was correctly over-

expressed, purified, and active. Another point is that at pH 7.0 there is enzyme activity which is
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quantified with the specificity constant of 2180 M-s which was calculated based on the fit of the

curve (Blue line) to equation 8 in the Materials and Methods section which is represented by the

(Black line).
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Figure 17. Reaction progress curve of SCOTU1 deubiquitinase with Ubiquitin-Rhodamine.
Experimental data represented by the blue line and fit to Equation 8 is represented by the black
line. A mixture of 50 nM ScOTU1, 250 nM Ubiquitin-Rhodamine, and 2 mM DTT in a reaction
buffer consisting of 50 mM TRIS-HCI, 50 mM NaCl, at pH 7.0 were added to a 1 ml quartz
cuvette. The mixture was incubated at 4°C for 1 hour and allowed to equilibrate to room
temperature for 10 minutes before experiments began. Fluorescence measurements were done on

the solution at an excitation wavelength of 485 nm and an emission wavelength of 535 nm.
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Figure 18 shows the reaction progress curves for measurements at both pH 7.0 and pH 6.0. In this
figure there is an observed decrease in the slope of the curve as the pH is decreased from pH 7.0
to 6.0. The specificity constants of and 1262 Ms™ for pH 6.0 is 42% lower than that measured

at pH 7 (2180 Ms? ) which is shown in Table 5.
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Figure 18. Reaction progress curve of ScCOTU1 deubiquitinase with Ubiquitin-Rhodamine at pH
7.0 and 6.0. A mixture of 50 nM ScOTU1, 250 nM Ubiqutin-Rhodamine, and 2 mM DTT in
ContBuffer® at pH 6.0 and 7.0 were added to a 1 ml quartz cuvette. Mixtures were incubated at
4°C for 1 hour and allowed to equilibrate to room temperature for 10 minutes before experiments
began. Fluorescence measurements were done on the solutions at an excitation wavelength of 485
nm and an emission wavelength of 535 nm. The highlighted blue and green lines represent the
experimental data for pH 7 and 6, respectively and the black lines represent the fit of the curves

using equation 8.
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Table 5. keat/Km values calculated at pH 6.0 and 7.0. These values were determined using

equations outlined in the Methods section and the fitting of the raw data was done using

equation 8.
pH kcat/KM (M-ls-l)
6.0 1322 + 166
7.0 6892 + 324

Figure 19, is a graphical representation of the keat/Km measured between pH 6 and pH 7. The
calculated specificity constants are tabulated in Table 6. The specificity constants remain similar
from pH 7.75 to pH 6.5 with a decrease only happening at pH 6.25. The data were plotted using a

logarithmic scale to reduce the difference between kea/Km values that were calculated.
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Figure 19. Log of kcat/Km as pH is increased for the enzymatic activity of SCOTUL on Ubiquitin-

Rhodamine.
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Table 6. The log of kcat/Kwm values calculated from pH 6.0 to pH 7.75.These values were
determined using equations outlined in Methods section and the fitting of the raw data was done

using equation 8.

3.06 £ 0.30

3.83 i 0.05
3.70 i 0.13

3.3 Bis-ANS Hydrophobic Assay

Bis-Ans experiments were done at room temperature in solutions with pH values ranging from 7
to 9. A constant concentration of ScCOTU1 and DTT was added to solutions of increasing Bis-ANS
concentration to determine if alterations in pH would change the surface properties of SCOTU1 by

measuring the variations in fluorescence of Bis-ANS monitored at 492 nm.

Figure 20 demonstrates the change in fluorescence intensity of free Bis-ANS at pH 7.5 as the dye

concentration increases indicated by the black circles, in contrast to Bis-ANS bound to ScOTU1
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at pH 7.5, indicated by the white circles. There is a slight increase in fluorescence of free Bis-ANS
as the concentration is increased while the fluorescence increase is much greater when Bis-ANS
is in a solution containing ScOTUL. Figure 20 also suggests that there is background fluorescence
that needs to be corrected for when performing calculations on the raw fluorescence counts but the
background is small enough that it does not greatly change the methodology outlined in the

Materials and Methods section 2.3.

Be+h
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det+5

Counts
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Figure 20. Fluorescence intensity vs concentration curve of free Bis-ANS (black) at increasing
concentrations in a buffer consisting of 50 mM sodium phosphate dibasic and 50 mM sodium
chloride (Bis-buffer?) at pH 7.5. Bound Bis-ANS (white) consisted of a solution containing 0.5
UM ScOTU1 and 2 mM DTT in pH 7.5 Bis-buffer?. Each solution was mixed and allowed to
incubate at 4°C for 1 hour to allow for complete binding and thereafter allowed to incubate at
room temperature for 10 minutes. An excitation wavelength of 350 nm was used with an emission

wavelength of 492 nm using a 0.4 mm pathlength for the cuvette.
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From pH 7 to 9, fluorescence vs Bis-ANS concentration curves were recorded with increasing
increments of 0.25 pH units. The fluorescence intensity curves were fit by the four-parameter Hill
regression model equation 2 in Section 2.3 of the Materials and Methods. The fitting of the
experimental data by the models is exemplified in Figure 21 by the curves for the experiments at

pH 9, 7.75, and 7 indicated by the dotted line, solid line, and dashed line respectively.

Te+d
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0 20 40 60 g0 100
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Figure 21. Regression model for the fit of the fluorescence intensity vs concentration curves of
Bis-ANS at pH 9, 7.75, and 7.0 indicated by the yellow triangles and dotted line, black squares

and solid line, and green circles and dashed line respectively.

The resultant parameters from the regression model were used to calculate the percentage of Bis-
ANS bound to ScOTU1 at different pH values. Figure 21 displays the percentage of Bis-ANS
bound to ScOTUL as a function of increasing Bis-ANS concentration at pH values of 7, 7.5, and
9 indicated by the green circles, black squares, and yellow triangles respectively. A three-

parameter Hill regression model was then used to fit the percentage-bound curves and to
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calculate the dissociation constant at each pH as outlined in Materials and Methods section using
equation 1. The fits of the percentage-bound curves are shown in Figure 22 as the dotted line,
solid line, and dashed line for pH 9, 7.75, and 7.5 respectively. The dissociation constants Kq
were then calculated from the parameters from the regression model and plotted as shown in
Figure 23. There is some fluctuation of Kq between pH 7 to 8 with a significant outlier at pH 7.5
but above pH 8 the dissociation constants decrease significantly without much variation as

shown in Table 7.
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Figure 22. Percentage of Bis-ANS bound to ScOTU1 vs Bis-ANS concentration at pH 7.0, 7.75,
and 9 indicated by the green circles, black squares, and yellow triangles respectively. Percentage

bound values were corrected for the fluorescence of free Bis-ANS in solution.
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Figure 23. Dissociation constant of Bis-ANS binding to ScOTUL at different pH values.

Chapter 4

Discussion

4.1 Overview

The ScOTUL catalytic domain has been shown to exist in an opened active conformation and a
closed inactive conformation that is thought to be partially dependent on two dynamic loop regions
the first of which is a WGGA loop and a second is a FFY loop both of which arise from separate
secondary structure regions of the protein. Both loops surround the catalytic cleft of the enzyme
and form stabilizing bonds with ubiquitin'®. This modulation of activity through loop-dependent
dynamics is seen in otubain 2 a human deubiquitinating enzyme that is also dependent on a
structurally similar OTU domain. Otubain 2 has a disordered loop region that is in an area where
it can effectively sterically block binding of the OTU domain to ubiquitin’4. The aforementioned

loop regions in ScCOTUL are located in the same area as the loops in otubain 2 but in contrast to
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the inhibitory effects of the otubain 2 loops the ScOTU1 loops have been shown to form stabilizing
linkages with ubiquitin that reorient the terminal residues of ubiquitin to form associative
interactions!®. Taken together these two deubiquitinating enzymes show that the WGGA and FFY
loop regions are most likely part of a conformational transition that enables the deubiquitinases to
change conformation from an inactive to an active state or vice versa based on dynamic changes

in the protein.

Two models have been proposed to explain the transition from an active to inactive state in
ScOTU1%®. The first model proposed the occurrence of conformational changes within free
ScOTUL1 before the interaction of the enzyme with a polyubiquitin molecule. This monomolecular
model suggests that the catalytic cysteine residue is generally not accessible when ScOTUL1 is free
in solution. Only through rapid conformational changes can ScOTU1 temporarily open and expose
the catalytic cleft and catalytic triad to solvent where polyubiquitin could then bind and result in

the cleavage of the iso-peptide bonds in a polyubiquitin chain.

The second model®® suggests an induced conformational change which would occur after an initial
interaction or binding event between ScOTUL and a polyubiquitin chain. This binding event would
involve the stabilization of the ubiquitin-ScOTUL interface by hydrophobic interactions, hydrogen
bonding, and electrostatic interactions which would induce conformational changes within the
protein. These interactions would open the catalytic cleft and provide access to the catalytic

cysteine residue where cleavage could then occur.

In both models, a pH dependence was observed that showed that as pH was increased from pH 7
to 9 the binding of a small molecule probe aldrithiol-4 (DTDP), to the catalytic cysteine through
the formation of a disulfide bond became more favourable. This suggested that at low pH there

was reduced accessibility to the catalytic cysteine which meant that there might be important
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protonation events at low pH that induced conformation changes in the enzyme causing it to adopt
a closed conformational whereas at high pH the protein became more open and accessibility to the

catalytic cysteine actually increased.

4.2 Bis-ANS

Bis-ANS is a hydrophobic surface probe that has been shown to increase its fluorescence quantum
yield when bound to hydrophobic regions on proteins*. This method has been used extensively to
study conformational dynamics of proteins under various conditions including pH titration
experimentst®7576 The dynamics of ScOTU1 have not up to this point been studied using a
hydrophobic surface probe and the majority of the structural studies have been done using x-ray
diffraction*®. Prior to the initiation of hydrophobic probe studies with Bis-ANS the association
between protein and Bis-ANS must be assessed to ensure that the affinity between the probe and
protein is strong enough to produce a significant increase in fluorescence so that baseline
fluorescence emission does not produce confounding results’. The fluorescence of free Bis-ANS
was studied and compared to Bis-ANS in solution with ScCOTUL as shown in Figure 20. The
change in quantum yield confirmed that the fluorescence as a result of binding increased the
quantum yield by a factor of four when comparing the free Bis-ANS fluorescence to the bound
fluorescence. In other studies, the increase in fluorescence yield ranged from a factor of four to
eight which indicates that the measured fluorescence increase was enough to proceed with the

hydrophobic probe studies’ 6.

The hydrophobic probe experiments were then extended to study the binding of increasing
concentrations Bis-ANS to ScOTUL at different pH values. These Bis-ANS titration experiments
are commonly used to retrieve biophysical parameters such as association and dissociation

constants, Ka and Kgq respectively, and quantitative measures like the dimensionless Hill coefficient
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n that provide insight into the dynamics and nature of the protein as binding occurs®®7>76 As
Figure 21 indicates, the binding of increasing concentrations of Bis-ANS to ScOTUL1 follows a
sigmoidal dependence on Bis-ANS concentration. Sigmoidal binding curves are typically
characteristic of a positive cooperative binding process where the association of one ligand
molecule to an enzyme causes structural changes that influence the association of the next ligand

molecule by increasing the affinity of binding®.

It is possible that sigmoidal binding curves do not in reality reflect positive cooperative binding,
S0 to ensure that cooperativity is occurring during binding the Hill coefficient n must be calculated
by fitting the sigmoidal curve to a Hill equation as described in the Materials and Methods section.
A Hill coefficient that is less than one indicates negative cooperativity wherein a ligand binding to
an enzyme decreases the affinity of the enzyme for ligands that try to bind afterwards. A Hill
coefficient equal to one indicates that ligand binding is not cooperative which means that the
affinity of an enzyme towards a ligand does not increase as binding occurs and a Hill coefficient
greater than one indicates cooperative binding which means that once a ligand binds to an enzyme
it increases the affinity of the enzyme towards other ligands’’. While the Hill coefficient is thought
to provide a measure of the amount of binding sites present on an enzyme and their degree of
cooperativity it is important to note that it is best thought of as a interaction coefficient which only
reflects the amount of cooperativity that occurs among different ligand binding sites without
specifying how many binding site are present’”’. The binding of oxygen to haemoglobin for
example is often mentioned when discussing positive cooperativity and that system has a Hill
coefficient that is typically between 1.7-3.2 whereas there are 4 binding sites that have positive

cooperativity’®. Fitting the sigmoidal curves produced from the binding of Bis-ANS to ScOTU1
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for pH values ranging from 7 to 9 resulted in Hill coefficients between 1.85-3.09 as shown in Table

7.

Table 7. Hill coefficients n for the fitting of the sigmoidal curves from pH 7 to 9 using Bis-ANS

2.16+0.34

2.15+0.38

Based on the data in Table 7 it is reasonable to classify the binding of Bis-ANS to ScOTUL as one

where cooperativity does occur between a number of hydrophobic binding sites.

The dissociation constant Kg is another important biophysical parameter that was calculated by
fitting the sigmoidal binding data with the Hill equation. Kq can be used to estimate the strength of
interaction between the solvent-accessible apolar regions on the surface of a protein and Bis-

ANS”. A small Kg indicates a strong binding affinity between a ligand and an enzyme whereas a
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large Kq indicates weak binding affinity between a ligand and an enzyme®®.7>76, As shown in Figure
21 of the Results section the dissociation constants ranged from 23 pM-53 uM where the upper
limit of 53 uM indicated a binding interaction that was almost a factor of two weaker than the

lower limit of 23 uM.

The dissociation constant Kq in conjunction with the Hill coefficient n can provide a greater
understanding of the dynamics that occur within ScCOTU1 and these results can further support or
disprove the feasibility of the models discussed previously. The Hill coefficients calculated for
various pH values in the titration of SCOTU1 by Bis-ANS suggest that the binding of Bis-ANS to
ScOTU1 occurs through a cooperative mechanism where binding is mediated by hydrophobic and
electrostatic interactions. In their studies of the binding interface of ScOTU1 and Ubiquitin
Messick et al. (2005) listed three key regions of interaction between ScOTU1 and Ubiquitin each

exploiting hydrophobic and electrostatic interactions.

Region one of ScCOTU1 consists of a small lobe where two scaffolding a-helices a2 and a4 interact
with a ubiquitin-recognition helix a3. Ile®” of ScOTUL, also in region one binds to hydrophobic
patch on ubiquitin and is part of an extensive hydrogen bonding network!®. Region two of ScOTU1
forms an indirect hydrogen bonding network between Asn?®® and Glu?®’ of ScOTU1 and a loop
within 4 A of the ubiquitin core®. Region three consists of the catalytic cleft and is where the most
abundant interactions occur between ScOTUL and ubiquitin. The interactions in region three are
primarily mediated by two loops regions, the WGGA loop between a4 and a5 and a second loop
consisting of Phe?'®, Tyr??, and Phe?®. Both loops aid in the insertion of the carboxyl terminus of
ubiquitin into the catalytic cleft where the active site cysteine of ScCOTUL resides. All three of
these regions taken together make many important contacts with ubiquitin that enable the binding

and subsequent cleavage of the iso-peptide bonds of polyubiquitin molecules.
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When mutational studies were completed on the key interaction residues of each region, interesting
results were found®®. In regions 1 and 3 where hydrophobic interactions are very important, the
mutation of the residues involved in the hydrophobic binding interactions resulted in almost
complete loss of wild type activity whereas in region 2, where the interaction was primarily of a
hydrogen bonding nature the mutant showed 50% of wild type activity*®. This again suggested that
the hydrophobic interactions between ScOTUL and ubiquitin are the most important catalytic
activity-mediating interactions. These findings, in addition to the Hill coefficients above 1, suggest
strongly that model one is not plausible as there needs to be binding interactions for the
conformation of ScOTU1 to change so that ubiquitin can enter the catalytic cleft. These binding
interactions are mediated by the formation of a ubiquitin-ScOTUL interface which most likely

forms cooperatively.

In experiments that measured the initial slopes of the disulfide bond formation between the
catalytic cysteine residue and the small molecule probe DTDP® over the pH range from 7 t0 9, a
marked decrease was observed in the initial slopes as the pH was decreased to a physiological
level®®. At pH 8 and below there was a significant increase in the dissociation constants as shown
in Table 6 from an average value of 25 uM at pH 8.25 and above and 40 uM at pH 8 and below.
This increase at pH 8 and below could indicate that the protonation of certain residues induces
structural changes within ScOTUL1 that promote a closed conformation. Additionally, the catalytic
cysteine residues are buried deep within the catalytic cleft at physiological pH*°. The reduced
accessibility of the small molecule probe is likely due to these conformation changes that occur at
lower pH which make it less likely that the DTDP can obtain access to the tightly closed catalytic
cleft. In contrast at higher pH values, SCOTU1 has been shown to adopt a much more open

conformation where the hydrophobic regions are readily accessible as shown by the much lower
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dissociation constants. This could provide the probe much easier access for binding to cysteine.
Furthermore, at a pH above 8, which is close to the pKa of cysteine, the cysteine may be

deprotonated without the aid of the catalytic triad again making binding to DTDP more likely.

It is most likely due to the interaction between regions 1, 2, and 3 that ubiquitin can enter the
catalytic cleft to gain access to the catalytic triad. A small molecule probe such as DTDP cannot
form those same hydrophobic interactions and so in the closed conformation at pH 7 is not able to
gain access to the catalytic cysteine residue. Additionally, despite Bis-ANS being able to bind to
hydrophobic patches on ScOTUL1 it cannot induce the same conformational changes that occur
when ScOTU1 binds with ubiquitin. The more closed conformation could arise at lower pH values,
due to the separation of important amino acids sequences such as the FFY loop region where all
three residues originate from entirely separate secondary structure elements. This increased
separation could also displace the catalytic triad amino acids of aspartic acid and histidine residues

away from the catalytic cysteine residue®®.

4.2 Ubiquitin Rhodamine

Ubiquitin Rhodamine is a more natural substrate for SCOTU1 than either the hydrophobic surface
probe Bis-ANS or the small molecule probe DTDP and was applied in these experiments to
determine if using a substrate that could potentially mimic the hydrophobic and electrostatic
interactions that ScOTUL forms in vivo with polyubiquitin chains would enable activity or

accessibility to the catalytic cysteine at pH 8 and below.

As shown in Figure 17, at pH 7 the cleavage of ubiquitin rhodamine occurred successfully at the
RLGG sequence within the linker region between the ubiquitin and rhodamine molecules which
is the sequence that ScOTU1 recognizes and cleaves in natural polyubiquitin molecules®. Table 6

and Figure 19 show that kea/Km does not change appreciably with pH. This seems to indicate that
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in contrast to what was seen with both Bis-ANS and DTDP, there was now access to the catalytic

site at lower pH values.

The new activity range means that perhaps Model 2 described earlier was appropriate. Ubiquitin
may interact with a closed ScCOTU1 molecule which forces it, through cooperative conformational
changes, to adopt an active conformation by binding and interacting at hydrophobic patches. This
is a plausible explanation because, as observed before, the protein was initially in a closed
conformation where even a hydrophobic probe could not gain access to the catalytic cleft. Bis-
ANS may bind to the same patches that ubiquitin does but it is not able to cause ScOTU1 to adopt
an active open conformation. It is only through the binding and interaction of all the sites
cooperatively that the active site cysteine becomes available as exemplified by the ubiquitin-

rhodamine experiments.

Taken together, the conformational dynamics of ScOTU1 are pH dependent where at a low pH it
adopts a closed conformation, possibly due to the separation of important protein sequences that
allow the enzyme to adopt the active conformation or due to protonation of certain residues that
close the protein. The high dissociation constant may simply mean that unless a ubiquitin chain
has the correct linkages and orientation then ScOTU1 cannot cleave it as it will not bind strongly
which makes sense biologically. This could be a method to ensure strong specificity for target
proteins at physiological pH. Future studies will have to be completed to determine if in fact Bis-
ANS will competitively inhibit the binding and cleavage of ubiquitin-rhodamine by ScOTU1 by
binding to the same hydrophobic patches that ubiquitin typically does. These experiments could
provide insight into how the multiple regions on ubiquitin interact with SCOTUL and induce the

opening of its structure.
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Chapter 5

Summary and Future Directions

In the work presented in this thesis the catalytic domain of OUT1 was investigated. ScCOTU1 was
successfully over-expressed and purified by excluding an overnight dialysis step and instead
directly injecting the protein solution onto a size-exclusion column for rapid buffer exchange.
Specificity constant kea/Km was calculated based on pH-dependent Ubiqutin-Rhodamine 110
continuous assays where we did not see a pH dependent change in catalysis as the solution pH was
increased from 6.25 to 7.75. The range of log Kea/Km values varied by at most 0.3 Ms? which
means the protein remains open at a much lower pH. These results did not agree with the strong
pH-dependent decrease in turnover rate kcat Seen using a small molecule probe DTDP as shown in
Figure 5a where, at pH 7, there was effectively no accessibility to the catalytic cysteine residues

due to the protein adopting a closed conformation.

Bis-ANS experiments were used to calculate the Hill coefficient which showed that the binding of
Bis-ANS occurred through a cooperative mechanism. The dissociation constant Kq was calculated
based on Bis-ANS experiments which showed that at pH between 8.25 to 9 the K4 values averaged
25 mol/L whereas at pH 7 to 8.25 the values averaged 40 mol/L. This showed that there was a
clear transition to a closed conformation with less hydrophobic patches available for binding as

the pH was decreased.

The results from both the Ubiquitin-Rhodamine 110 and Bis-ANS experiments taken together
suggest that free in solution at physiological pH ScOTUL adopts a closed conformation that it will
only open at physiological pH when it forms favourable electrostatic and hydrophobic interactions

with ubiquitin.
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The future directions for studying OTUL could utilize competitive enzyme assays between
Ubiquitin and Bis-ANS which would enable us to determine if Bis-ANS is actively binding to
some of the same hydrophobic patches that Ubiquitin utilizes to form interactions with ScOTU1.
Nuclear Magnetic Resonance experiments could be utilized by applying Principal Component
Analysis to monitor structural changes of the protein as the pH is varied using heteronuclear
sequential quantum correlation (HSQC) which could allow us to observe more specifically where
transitions occur from a closed to open conformation and which residues are playing a large part
in those transitions. Bis-ANS and Ubiquitin-Rhodamine 110 experiments might then be repeated
similarly to the experiments outlined in this thesis but either the ubiquitin like domain or zinc
binding domain can remain attached to ScOTU1 to see how multiple domains modulate or change

the activity of the enzyme.
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